We measure the nonlinear switching dynamics of an InP photonic crystal nanocavity for different pulse energies and wavelengths relative to the cavity resonance and observe saturation of the switching contrast and broadening of the switching window. The effects are analyzed by comparison with nonlinear coupled mode theory and explained in terms of large dynamical variations of the cavity resonance. The results are important for applications in optical signal processing and provide insight into the nonlinear optical processes that govern the dynamics of the refractive index and the absorption.
Introduction
The resonant character of a cavity can be used for switching of an injected optical signal by dynamically changing the refractive index of the cavity. If the cavity has a high quality (Q) factor, the intensity of a (pump) field coupled to the cavity will be locally enhanced and may change the cavity resonance through nonlinear effects, allowing control of the transmission of another (signal) field, as demonstrated in Refs. 1-8. Ultra-compact integrated switches can be realized using photonic-crystal (PhC) membranes, where a line-defect waveguide, or even a pair of A homodyne pump-probe technique is employed to investigate the switching dynamics 4 . A train of ~1.5 ps (FWHM) pulses, at a repetition rate of 1.25 GHz, are carved out from a 10 GHz pulse train using an intensity modulator. Pump and probe signals (both TE-polarized) with an adjustable temporal delay are generated by band-pass filtering using a multi-port processor (WaveShaper 4000S). A counter-propagating scheme, cf. Fig. 1(a) , is employed to avoid pump-probe interactions in the waveguide sections of the device. The transmitted probe signal is selected using a band-pass filter and then detected with a photodiode, amplified, and monitored with a lock-in amplifier. When the pump spectrum overlaps with the cavity resonance, free carriers are generated through two-photon absorption, which blue shift the cavity resonance 2-4 via plasma effects and band-filling. By measuring the output probe energy as a function of time delay, cf. illustration in Fig. 1(a) , the switching dynamics can be monitored. For a probe that is initially blue-detuned with respect to the cavity (switch-on case), the transmission of the probe therefore first increases and subsequently decreases, reflecting a temporal regime of fast carrier diffusion followed by slow carrier recombination 4, 11 . towards longer wavelengths), while the probe, with a spectral width of 0.1 nm, is tuned to the blue side of the resonance. The discrete lines seen in the pulse spectra, with a periodicity of about 0.08 nm, originate from the 10 GHz light source from which the 1.25 GHz pulse trains are obtained by suppression of 7 out of 8 pulses using an external intensity modulator with finite extinction ratio. We found that these small ripples can to some extent decrease the switching contrast and elongate the switching time, but not significantly. The ripples observed in the cavity spectrum originate from reflections at the WG facets and the interfaces of cavity in the device. is observed. As the probe moves closer to the cavity resonance, the switching contrast increases, since the Lorentzian transmission spectrum has a larger slope close to the resonant peak than in the tail. However, when the probe moves even closer to the cavity resonance (from -0.55 nm to -0.3 nm), the switching contrast decreases and at the same time, the switching time-window broadens. In addition, one observes an initial decrease of the transmission right after the pump pulse excitation. Qualitatively similar behavior is observed in Fig. 2 (c), where the probe detuning is kept fixed at -0.35 nm, while the switching energy is varied. Upon increasing the switching energy, the switching contrast first increases and then saturates accompanied by a significant broadening of the switching window. For the largest pulse energy, one also observes an initial transmission decrease, below the level prior to pump excitation.
Theory
In order to understand the physical mechanisms responsible for the dynamics observed experimentally, we perform simulations based on a temporal coupled mode theory 4, [11] [12] [13] [14] : 
The transmission dynamics measured using the lock-in amplifier is proportional to the output probe pulse energy In order to further elucidate the dynamics, we consider the situation where the probe is a weak continuous wave (CW) beam, thus avoiding the blurring of the cavity resonance dynamics associated with a probe pulse that is short or comparable to the cavity decay time. Under CW probing, we perform the same set of simulations as shown in Fig. 2(d) for a pulsed probe signal,
i.e. fixing the probe detuning but varying the pump energy. We found that the physical mechanism responsible for the saturation broadening effect shown in Figs. 2(a) and 2(c) are the same. , the first maximum is seen to be suppressed mainly due to two-photon absorption, finally forming an output pulse shape that is delayed and broadened in time, in agreement with the experimental observations. In addition, the pump energy of 635 fJ, Fig. 3(d) , induces a red detuning which is larger in absolute magnitude than the original blue detuning, cf.
the inset of Fig. 3(d) , thus reducing the probe transmission below its initial state, in agreement with the experimental results in Fig. 2(c) . For the structure with a low Q-factor of 500, Fig. 4(a) , the two maxima correspond to almost the same transmission level. However, as the Q-factor increases the transmission observed at the second maximum increases beyond the first one (Figs. 4(b)-4(d) ). This can be explained from a cavity energy point of view since the output probe power is directly linked to the cavity energy through Eq. (2). For low Q-factors, Fig. 4(a) , where the cavity life time is short compared to the pump pulse width (~12 ps), the cavity energy, and thus the transmitted probe intensity, cf. Eq. (2), follows the dynamical detuning, and the transmission levels at the two maxima are approximately the same. For larger Q-factors, however, the "charging" time of the cavity is longer than the pulse width, and the first local transmission maximum does not reach the value that would be expected under stationary conditions. On the other hand, the relaxation of the resonance back to its initial value happens at a much slower rate, governed by the carrier relaxation, and the probe transmission maximum reaches the value expected under stationary conditions. Besides the difference in transmission levels, the time delay between the maxima also increases with Q-factor, which is also well understood since the higher the Q-factor is, the slower the response of the cavity energy becomes. In addition, from Fig. 4 , it is interesting to see that the nonlinear resonance shift is larger for a cavity with low Q-factor compared to a cavity with high Q-factor. This reflects that for a cavity with high Q-factor, a smaller amount of pump energy would be coupled into the cavity. Besides, the resonance may shift considerable compared to the spectrum of the pump pulse, thus lowering the efficiency with which pump energy is converted into refractive index change.
Insets in Fig. 4 [16] [17] [18] . In the case considered here, where there is a continuously injected probe signal and the perturbation of the cavity resonance happens on a time scale shorter compared to the cavity photon lifetime, we find that the process rather should be described as cross-phase modulation and the probe frequency variation, ( ) s t  , caused by the pump pulse, rather follows the time derivative of , ( ) c s t   , as seen in Fig. 4 . For very small pump-probe detuning (-0.3 nm in Fig. 2(a) ) or very large pump energy (635 fJ in Fig. 2(c) ), we find that the dynamical wavelength shift of the pump is large enough to drag part of it into the pass-band of the filter centered around the probe wavelength, causing interference effects that are observed in the experiments as an oscillatory pattern around zero time delay in the detected probe traces, cf. Figs. 2(a) and 2(c).
Conclusion
In summary, we studied the nonlinear switching dynamics of InP photonic-crystal nanocavities and found that the response undergoes qualitative changes when the pump energy, detuning or cavity quality factor are varied. Transmission saturation, broadening of the switching window as well as an initial temporal reduction of the transmission were observed. Good agreement was found between experimental results and simulations using coupled mode theory, based on which the observations could be explained as a consequence of the dynamical evolution of the cavity resonance frequency in combination with nonlinear losses and the time needed to establish the cavity field.
